Skin color, one of the most important characteristics of grapes, is determined by the accumulation of anthocyanins. It has been shown that the anthocyanin accumulation is influenced by abscisic acid and environmental factors such as temperature and light. However, the mechanism regulating anthocyanin biosynthesis has not yet been clarified. This review presents a brief account of our research on the regulation of anthocyanin biosynthesis in grapes and the mechanism of skin color mutation.
Introduction
Grape cultivars can be divided into three groups by berry color: black, red, and white. Black and red cultivars accumulate anthocyanins in their skins, and the quantity and composition determine skin color (Shiraishi et al., 2007) . White cultivars do not synthesize anthocyanins (Boss et al., 1996a) . Because skin color is a very important characteristic of grapes, many studies of the effects of chemical, environmental, and other factors on anthocyanin accumulation in the skin have been carried out. Anthocyanin accumulation is influenced by abscisic acid, temperature, light, and other factors (Kataoka et al., 1982 (Kataoka et al., , 2003 Motosugi et al., 2007; Poudel et al., 2009; Tomana et al., 1979) . However, the mechanisms regulating such factors (input) and anthocyanin biosynthesis (output) have not yet been revealed. To find clues for studying the mechanism, we have isolated the genes related to anthocyanin biosynthesis and analyzed their expressions and functions. This article summarizes our studies of the regulation of anthocyanin biosynthesis and the mechanism of skin color mutation in grapes.
Expression of anthocyanin biosynthesis genes
Anthocyanins are synthesized by enzymes of the anthocyanin biosynthesis pathway, the underlying genes of which have been isolated from many plants (Dooner et al., 1991; Holton and Cornish, 1995) . In grapes, partial cDNAs have been cloned (Sparvoli et al., 1994) . Using these cDNAs as probes, Boss et al. (1996a Boss et al. ( , 1996b showed that expression of the gene for UDPglucose:flavonoid 3-O-glucosyltransferase (UFGT) is critical for anthocyanin biosynthesis in grapes. Experiments with the berry skins of white and red cultivars revealed that the UFGT gene was expressed in all red cultivars, but not in white ones. Transcripts of other genes involved in anthocyanin biosynthesis accumulated in both white and red cultivars (Boss et al., 1996a) . Furthermore, using bud sports, they showed that UFGT was expressed only in colored grapes, which synthesized anthocyanins (Boss et al., 1996b) .
We also examined the expression of seven anthocyanin biosynthesis genes, including UFGT, in whiteskinned cultivars ('Italia' and 'Muscat of Alexandria') of Vitis vinifera and their red-skinned sports ('Ruby Okuyama' and 'Flame Muscat') , and showed that UFGT was expressed only in the red-skinned sports, and that the other genes were expressed coordinately at higher levels in the red-skinned sports than in their whiteskinned progenitors (Fig. 1) . These findings suggest that UFGT is the key enzyme for anthocyanin biosynthesis in grapes, and the UFGT expression in the red-skinned sports seems to be the result of a mutation in this gene or in a regulatory gene controlling its expression. To ascertain which, we compared the coding and promoter sequences of UFGT genes between white-skinned cultivars and their red-skinned sports. Sequence analysis revealed that there were no differences in either coding or promoter sequences between 'Italia' and 'Ruby Okuyama', or between 'Muscat of Alexandria' and 'Flame Muscat' (Kobayashi et al., 2001 ). This finding suggests that a mutation of a regulatory gene controlling the expression of anthocyanin biosynthesis genes (especially UFGT) has occurred in the red-skinned sports. 
Isolation of transcription factor genes and their function
In many plants, two families of regulatory genes (C1 and R gene families) control the expression of anthocyanin biosynthesis pathway genes (Dooner et al., 1991; Holton and Cornish, 1995; Mol et al., 1998) . The C1 gene product is homologous to proteins of the Myb proto-oncogene family (Paz-Ares et al., 1987) , while the R gene products are homologous to the bHLH transcription factor (Consonni et al., 1993) . These results and our above findings encouraged us to isolate homologs of Myb and bHLH genes from grapes, and we obtained partial cDNA fragments for each.
Using each clone as a probe, we assessed gene expression during the developmental stages of 'Kyoho' (V. labruscana: V. labrusca × V. vinifera) berries. MybA gene transcripts were faintly detected before veraison, and then levels increased strongly with the start of coloring and berry softening (Fig. 2) . Although the MybB transcript was detected in all stages, expression increased noticeably at the coloring stage. However, MybC and MybD displayed different expression patterns. Levels of MybC expression were high at the young stage (two weeks after flowering), decreased rapidly before veraison, and increased again at the coloring stage. MybD expression was relatively high at the young stage and then decreased. Transcripts of other Myb genes (MybEMybH) were not detectable by Northern blot analysis at any stage, and the expression of a bHLH gene was detected constitutively throughout development. We additionally analyzed gene expression in several plant tissues: MybA transcripts were detected only in berry skin and flesh, whereas MybB-MybD were expressed in numerous tissues. Since MybA expression was closely associated with coloring or ripening, we isolated full-length cDNAs from 'Kyoho' grape and obtained three: VlmybA1-1, VlmybA1-2, and VlmybA2 ( Fig. 3 ; Vl means that the cDNA is derived from V. labruscana). When these cDNAs under the control of a 35S promoter were RNAs (20 μg) were separated by electrophoresis and transferred to nylon membranes. The membranes were hybridized with DIGlabeled probes for anthocyanin biosynthesis genes (PAL, phenylalanine ammonia lyase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin dioxygenase; UFGT, UDP-glucose:flavonoid 3-Oglucosyltransferase). It, 'Italia'; Ru, 'Ruby Okuyama'; Al, 'Muscat of Alexandria'; Fl, 'Flame Muscat'; Ky, 'Kyoho'. The ethidium bromide (EtBr)-stained gel before RNA transfer is shown in the bottom panel (Kobayashi et al., 2001) . delivered to somatic embryos of 'Kyoho', red cells were induced (Fig. 4) . The UFGT transcript was not detected in control embryos, but it was present in pigmented embryos. Other structural genes for anthocyanin biosynthesis were expressed in both control and pigmented embryos, although at slightly higher levels in the latter. These findings show that introduced VlmybA cDNAs induce UFGT gene expression, which brings on anthocyanin biosynthesis. To obtain direct evidence for this role of UFGT, we introduced UFGT and leucoanthocyanidin dioxygenase (LDOX) gene (involved in the production of anthocyanidins and used as a control) from 'Kyoho' into embryos. UFGT induced similar pigmentation, but LDOX induced no pigmentation (Kobayashi et al., 2002) . This indicates that UFGT is a key enzyme and that VlmybA genes induce anthocyanin biosynthesis in grape via expression of UFGT. Interestingly, VlmybA1-2 can also induce red cells in tissues of kiwifruit, tomato, and eggplant (Koshita et al., 2008) .
Expression of homologs of VlmybA1-1
Because VlmybA genes induce anthocyanin biosynthesis in 'Kyoho', using VlmybA1-1 as a probe, we examined the expression of homologs in mature berry skins of white-skinned cultivars and their red-skinned sports. We detected two transcripts (1.3 and 0.8 kb) in white-skinned 'Italia' and 'Muscat of Alexandria', and a third transcript (1.0 kb), in addition to the other two, in red-skinned 'Ruby Okuyama' and 'Flame Muscat' (Fig. 5A) .
Since the extra transcript was detected exclusively in the red-skinned sports, we isolated cDNA clones from cDNA libraries of the four cultivars. Sequencing of 80 clones revealed that there were three different species (designated VvmybA1, VvmybA2, and VvmybA3; Vv means that the cDNA is derived from V. vinifera) in the libraries of 'Ruby Okuyama' and 'Flame Muscat' (Fig. 5B ), but only two (VvmybA2 and VvmybA3) in the libraries of 'Italia' and 'Muscat of Alexandria'. This finding coincides with the results of Northern blot analyses, so VvmybA1, VvmybA2, and VvmybA3 correspond to the 1.0-, 1.3-, and 0.8-kb transcripts, respectively. The same-name cDNA clones had the same sequences in their coding regions without exception, even though they were isolated from different cultivars (Kobayashi et al., 2004) .
We examined the expression of VvmybA1 gene in other cultivars of V. vinifera and detected transcripts only in the colored ones (Fig. 6) . Furthermore, introduction of VvmybA1 cDNA into cut grapes of 'Muscat of Alexandria' via Agrobacterium tumefaciens resulted in red cells in the skin tissues (Fig. 7) . The induced pigment was anthocyanin, as it changed color from red to blue when the tissue was exposed to 0.1 M sodium hydroxide (Kobayashi et al., 2005) . These findings suggest that VvmybA1 plays a critical role in the regulation of anthocyanin biosynthesis in grapes.
Isolation of genomic clones of VvmybA1
We next investigated how VvmybA1 expression was turned on in the red-skinned sports. We isolated genomic clones of VvmybA1 from 'Italia' and 'Ruby Okuyama' and analyzed their sequences. The sequences of four clones from 'Italia' were identical. This result suggests that the VvmybA1 allele is homozygous in 'Italia' (diploid), so we named the allele VvmybA1a. On the other hand, the four clones from 'Ruby Okuyama' came in two forms: two clones had the same sequence as VvmybA1a, but the other two had a different 5'-flanking region. This demonstrates that VvmybA1 is heterozygous in 'Ruby Okuyama' (diploid), so we named the other allele VvmybA1b. The coding sequences of VvmybA1a and VvmybA1b were identical.
Interestingly, VvmybA1a contained a retrotransposon, Gret1, in the 5'-flanking region near the coding sequence. Since VvmybA1 was not expressed in 'Italia', the insertion of Gret1 must block its expression and keep the skin color white. Retrotransposon insertion within or near a gene can result in gene inactivation or alterations in the expression pattern of the gene or the structure of the encoded protein (Kumar and Bennetzen, 1999) . In apples, apetalous mutants lacking MdPI expression have been induced by retrotransposon insertion into an intron (Yao et al., 2001) , and an allele of Md-ACS1 showing very low expression contains a SINE retroelement in the 5'-flanking region (Sunako et al., 1999) . Although little information is available about retrotransposons in grapes, a copia-like element, Vine-1, is present in multiple copies in grape genomes and is inserted into exon 4 of an alcohol dehydrogenase gene (Verries et al., 2000) . As Gret1-related retrotransposons are also present in multiple copies in grape genomes (Kobayashi et al., 2005) , they may be involved in changing the structures and expression patterns of many genes in grapes.
It is thought that cultivation of grapes began during the Neolithic era (6000-5000 BCE) along the eastern shores of the Black Sea (Mullins et al., 1992) . Because grapes in the wild usually have black skin, white-skinned grapes are thought to be derived from colored grapes by one or more mutations causing loss of the ability to make anthocyanins (Slinkard and Singleton, 1984) . Since the VvmybA1a allele is widely distributed among cultivars of V. vinifera and V. labruscana, we hypothesize that Gret1 originally inserted upstream of one of the VvmybA1-coding sequences of a black-skinned ancestor, and that subsequently a white-skinned grape was produced by spontaneous crossing (Kobayashi et al., 2004) . Generally, white cultivars are thought to have arisen from different black or red cultivars by independent mutations (Boss et al., 1996a) . We show here that this is not the case and that, surprisingly, only a single mutant allele has spread among many white grape cultivars around the world. In the VvmybA1b allele carried by the red-skinned sports, Gret1 was missing, leaving behind a solo longterminal repeat (LTR) (Fig. 8) . This structure is reminiscent of a reversion previously documented in yeast: Roeder and Fink (1980) demonstrated that the his4-912 mutation was the result of the insertion of a 6200-bp transposable element that shares homology with the Ty1 retrotransposon into a promoter region near the coding sequence of the his4 gene of yeast, and that coldsensitive His+ revertants derived from the his4-912 mutant had only a solo LTR. This phenomenon was attributed to reciprocal recombination between the two LTR sequences at opposite ends of Ty1, resulting in excision of the internal region of the element and the creation of the solo LTR. Excision of the retrotransposon restores function to the regulatory region upstream of his4. Similarly, we believe that 'Ruby Okuyama' is a revertant, and that the solo LTR in its VvmybA1b was produced by recombination between the Gret1 LTRs. Solo LTRs have been observed in the genomes of other plants as well (Shirasu et al., 2000; Vicient et al., 1999) . Polymerase chain reaction fragments amplified from VvmybA1b of 'Ruby Okuyama' and 'Flame Muscat' had identical sequences (Kobayashi et al., 2004) , suggesting that these red cultivars are derived from their whiteskinned progenitors by the same mechanism.
These results indicate that a retrotransposon insertion in VvmybA1 is the molecular basis of white coloration in 'Italia' and 'Muscat of Alexandria', and that the bud mutations from white to red skins in the grapes are caused by the deletion of the internal region of the retrotransposon.
Relationship between skin color and
VvmybA1 genotype
Although VvmybA1 seems to be the major gene determining the coloring of grape skin, it is not clear whether it is the sole determinant. To examine this, we investigated the relationship between skin color and VvmybA1 genotype using seedlings resulting from the cross between red-skinned Akitsu 21 and red-skinned Iku 82 . Akitsu 21 and Iku 82 each contain both VvmybA1a and VvmybA1c (a wild-type VvmybA1 allele without Gret1 or a solo LTR). All whiteskinned seedlings contained only VvmybA1a, 14 red/ black-skinned seedlings (10 are shown) contained both VvmybA1a and VvmybA1c, and 3 red/black-skinned seedlings contained only VvmybA1c (Fig. 9) . This suggests that coloring of grape skin depends on the genotype of VvmybA1 (VvmybA1c is dominant to VvmybA1a). Furthermore, VvmybA1 transcripts were not present in any of the white cultivars examined, but they were present in all the colored cultivars examined (Fig. 6) . These results show that VvmybA1 is the major gene determining grape skin color.
Conclusion
The color of grape skins is determined by the accumulation of anthocyanins. Myb-related genes such as VvmybA1 play a critical role in the regulation of anthocyanin biosynthesis in grapes via control of the expression of anthocyanin biosynthesis genes (especially UFGT). These results greatly help to clarify how anthocyanin biosynthesis is regulated in grapes. Surprisingly, white-skinned 'Italia' and 'Muscat of Alexandria' have a retrotransposon, Gret1, inserted in the 5'-flanking region of a Myb-related VvmybA1 gene (VvmybA1a allele). Their red-skinned sports carry an Fig. 8 . Structures of genomic clones from 'Italia' and 'Ruby Okuyama'. Only one VvmybA1 allele, VvmybA1a, was detected in 'Italia', whereas two alleles, VvmybA1a and VvmybA1b, were detected in 'Ruby Okuyama'. VvmybA1a contains a retrotransposon, Gret1, that is lost from VvmybA1b, leaving behind a solo LTR (Kobayashi et al., 2004 ).
allele of VvmybA1 from which Gret1 has been lost, leaving behind a solo LTR (VvmybA1b allele). This indicates that a retrotransposon insertion in VvmybA1 is the molecular basis of white coloration in the whiteskinned cultivars, and that the bud mutations from white to red skin are caused by deletion of the internal region of the retrotransposon. Genetic analysis revealed VvmybA1 to be the major gene determining grape skin color.
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